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(7) ABSTRACT

A polymer current limiting device is provided that has a
wider operating temperature range and a lower thermal
derating than conventional current limiting devices. The
device may include pure lead (Pb) electrodes and a perfluo-
roalkoxy (PFA) polymer mixed with carbon black that
achieve the wide temperature range and the low thermal
derating.

30

56

| guo



Patent Application Publication Jun. 13,2002 Sheet 1 of 6 US 2002/0070842 A1

30

T/

3q‘ﬁ- 1+ 3¢
S |
|

ULl

Freure 1A
30 P 28
) / 24
electrodes -~ 4
(top and bottomy” , e

FIGURE 1B



Patent Application Publication Jun. 13,2002 Sheet 2 of 6 US 2002/0070842 A1

j O
raw materials:
metal carbon .
polymer:
foil black PFA wire
52
melt and mix ]—f
| N
melt process into
sheet form
56
)

attach foil electrodes to sheet by
heat and pressure

58 pattern/cut/punch device
shapes from electroded

sheet

solder wire to device
&0 electrodes with pure lead (Pb)
and  Flux

Qinished device )

F.juft rZ_




Patent Application Publication Jun. 13,2002 Sheet 3 of 6 US 2002/0070842 A1

10 I | | T I I
10°-  [102400 device ' .
5 — cycle1
’E 10 - - C};c\c'z. =
~£ 104_ ..... :\’;|¢3 _
(Y]
: 10°H -
£ 107+ s
‘“ 1
Y 10 -
10°F- _ -
10_1 .‘:..‘.T..‘ .............. | P
0 50 100 150 200 250 300 350
ambient temperature®c
F;g (7 ga 3 3
6 T T g T T T
5| IVNT loz.fa‘oo“' : |
device # 1o
~— 4 [~ ]
=
5 sl -
3 ok .20°C |
1 — . YT —
o . | | | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

applied voltage (V)

r[:fs ure L‘)



Patent Application Publication Jun. 13,2002 Sheet 4 of 6 US 2002/0070842 A1

6 | I I I T I
5| [IVNT 1o250% ] i
device™ 1O
-~ 4} Nyl s \\ -
§ - d \‘\ o
o 3k . ~ -60°C
E e T~._
3 Ll ~ 20°C
1 e 100°C
T T - - 200°C
ok 1 ! | | | L
0.0 0.5 1.0 1.5 2.0 25 3.0 35
applied voltage (V)
F_fg ure 5
6 T I T
5L IVNT f02500]
device ®/O

ho ld c,,.,w-ew}'(A)
N
|

0 | l
-100 0 100 200 300

ambient temperature (°<)

ng ure. &



Patent Application Publication Jun. 13,2002 Sheet 5 of 6 US 2002/0070842 A1

-3
40x10 T T T T T ]

IVNT 102500

i o
30 device #10 2BO C_1

current (A)

0 ] l ] I | l
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
applied voltage (V)
Frgure
T T T T 1 T 1T T 1 | p— T

& 120 : _ ; _
e _ L IThermal derating curv{a.

2 100} R -
_g L

o 80| -
4 L

1)

3 60 : =
'E" - |Hold current =1.7 A at 20°C
=g 401~ |Trip current="5.6 A at 20°C -

8 - -laverage thermal derating =04%/°C |-: - - B ]
% 20}~ |Operating temperature =-60°C 10 2009C . . . . .. e oo
0 I S NN NSNS NN MU S SV N NN S S N
80 -60 -40 20 0 20 40 60 80 100 120 140 160 180 200 220
ambient temperature (°C)
Fl‘j wre CT
1000

E 100

o E.

B F : @
5',’ o F:ljurt l
i -

E ol

1




Patent Application Publication Jun. 13,2002 Sheet 6 of 6 US 2002/0070842 A1

.

Frgure 8



US 2002/0070842 Al

POLYMER CURRENT LIMITING DEVICE AND
METHOD OF MANUFACTURE

RELATED APPLICATION

[0001] This application claims priority under 35 USC
§§119, 120 of U.S. Patent Application No. 60/255,547 filed
on Dec. 13, 2000 and entitled “Polymer Current Limiting
Device and Method of Manufacture”.

BACKGROUND OF THE INVENTION

[0002] This invention relates generally to an electrical
circuit element that conducts current with a low resistance
during normal operation but, during a significant current
increase, a significant ambient temperature increase, or some
combination of current and ambient temperature increases,
will transition to a high resistance state and limit the current
flowing through the circuit. Once the current and/or ambient
temperature overload condition passes, the element may
return to its normal low resistance mode of operation so that
a resettable fuse element is formed. In more detail, a
polymer-based current limiting device and a method of
manufacture is described.

[0003] An electrical circuit element that can be tripped and
then be reset is well known. For example, there are many
different current limiting devices wherein the device permits
current to pass during normal circuit operation. The device
is made of materials which exhibit a property that, during
periods of increasing current, the materials melt due to the
heat generated by the increased current and the resistance of
the device increases so that the current is effectively limited.
Once the over-current condition subsides, the materials in
the device solidify again and the device returns to its original
mode of operation.

[0004] There are many different conventional current lim-
iting devices. For example, U.S. Pat. No. 2,258,958 to
Pearson, assigned to Bell Labs, describes a conductive
device wherein the conductance varies as a function of
applied voltage or current, which may be used in the
regulation and control of electric current. The device has
conducting particles suspended in an insulating matrix
where the coefficients of thermal expansion are very differ-
ent. This appears to be an early patent on positive tempera-
ture coefficient (PTC) polymeric current limiters (PCL).
Another patent recites a regulator device for electric current,
which is PTC, resettable, trips rapidly, and trips with over-
current and/or overtemperature. This patent recites carbon
particles dispersed in a mixture of polyethylene (PE) and
polytetrafluoroethylene (PTFE). Another patent recites
using different materials to produce a heater cable wherein
a carbon black/polymer composite heater cable obeys an
arbitrary relation.

[0005] Raychem has several patents in the area of current
limiting devices. For example, one patent recites low resis-
tivity PTC compositions wherein a particular range of
carbon black properties, composite resistivities, and tem-
peratures are specified for conductive polymer composites,
especially for circuit protection devices. The patent lists
fluoropolymers as one possible polymer component.
Another Raychem patent recites a method for annealing
PTC compositions wherein conductive polymer composites
containing two polymers have improved electrical proper-
ties are produced when the composite is annealed at a
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temperature between the melting points of the two polymers.
Another Raychem patent recites a self-regulating heater
cable made by winding a conductive polymer composite
strand around two parallel wires, candycane fashion. Other
Raychem patents recite different methods for manufacturing
current limiting devices. Other Raychem patents cite high
temperature current limiting devices wherein a mixture of
PTFE and a fluoropolymer is used. Other companies have
similar patents, which recite and describe other configura-
tions of current limiting devices. Another Raychem patent to
Lunk et al. describes devices made from perfluoroalkoxy
(PFA) polymer, shows resistance versus temperature data,
and discusses the potential use as current limiting devices in
higher temperature environments.

[0006] In addition, Therm-O-Disc has received several
patents for current limiting devices with a similar higher
temperature range, based on nylon which has a melting point
of up to 190° C. These patents actually teach away from
using fluoropolymers to make polymer current limiting
devices. Therm-O-Disc has also received a patent that, in
part, describes the use of a high temperature solder for
attaching electrical wires to a current limiting device that
improves the properties of the device. The patent names
various solders, but the best material (e.g., Sn95Ag5) has a
high melting point of only 245° C.

[0007] Despite the large amount of conventional current
limiting devices described in the literature and in various
patents, the conventional current limiting devices do not
achieve the advantages of the PCL device in accordance
with the invention. In particular, none of the conventional
current limiting devices is capable of operating at the wider
temperature range and none of the conventional devices
have the low thermal derating. Thus, it is desirable to
provide a polymer current limiting device and it is to this end
that the present invention is directed.

SUMMARY OF THE INVENTION

[0008] The polymer current limiting device (PCL) in
accordance with the invention overcomes the problems and
limitations with existing commercially available current
limiting devices. In addition, the PCL in accordance with the
invention has various advantages over the existing current
limiting devices. The operating temperature range of the
PCL device in accordance with the invention is significantly
wider. The PCL devices have been experimentally shown to
work as current limiters over the temperature range of —-60°
C. to 280° C. Most commercially available current limiting
devices have a rated temperature range of —-40° C. to 85° C.
although some new devices have a rated temperature range
of -40° C. to 125° C. A higher maximum operating tem-
perature is important because it allows the PCL devices in
accordance with the invention to be used in environments
where the ambient temperature is very hot, perhaps too hot
for existing commercially available PCL devices. For
example, the PCL devices in accordance with the invention
may be used near the engine or under the hood of a car, in
electronics that may be near fire, in the door of a car parked
in the sun in Arizona, outdoor use in hot climates, in
electronics used in well drilling and geothermal applica-
tions, electronics used near steam and hot fluids, etc.

[0009] In addition, the preferred polymer used in the PCL
devices in accordance with the invention (perfluoroalkoxy
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(PFA) polymer) is nonflammable and self-extinguishing in a
fire. The polymer used in existing current limiting devices is
flammable and will burn on its own after being ignited by a
flame, a spark, or by self-heating during normal use in a
circuit which experiences a large overcurrent. This makes
the PCL devices in accordance with the invention much less
of a fire hazard than existing current limiting devices. This
also allows the PCL devices to be used in environments
where there are sparks, such as a conventional circuit
breaker, or flames, such as a water heater.

[0010] In addition, the PCL devices in accordance with the
invention have a significantly better “thermal derating” than
other commercially available current limiting devices
wherein the thermal derating is the rate at which the device
trip current decreases as the ambient temperature increases.
As a quantitative example, most Raychem current limiting
devices (those with an operating temperature range of —40°
C. to 85° C.) have a thermal derating of —1%/° C., meaning
that the trip current decreases by an average of 1% for every
1° C. increase in the ambient temperature. The PCL devices
in accordance with the invention have an experimentally
measured thermal derating of —0.4%/° C. over the same
operating temperature range meaning that the trip current
decreases by an average of 0.4% for every 1° C. increase in
the ambient temperature. This is commercially useful
because it makes the PCL devices more tolerant to changes
in ambient temperature and fluctuations in the thermal
environment.

[0011] In accordance with the invention, the PCL devices
may preferably be made with pure lead (Pb) solder joints
between the foil electrodes and the lead wires. Pure lead (Pb)
solder joints have a nominal melting point of 327° C. Using
the pure lead (Pb) joints, the PCL devices still function for
brief temperature excursions up to 350° C. Most commer-
cially available devices use solder that softens and fails at
about 180° C. The use of pure lead (Pb) solder in accordance
with the invention is commercially useful for several rea-
sons. First, the UL 1434 specification tests for PCL devices
requires that the devices be heated above the melting point
of the polymer and the melting point of the PFA polymer
used in the PCL devices in accordance with the invention is
about 300° C. If a PCL device with attachment wires is to
pass the UL specification test the joint between the device
electrodes and the attachment wires must be able to with-
stand ambient temperatures above 300° C. The pure lead
(Pb) solder used on the PCL devices is cheap, easy to apply,
consistent with current PCL device manufacturing technol-
ogy, and works fine for a reasonable temperature range
above 300° C.

[0012] In accordance with the invention, the PCL devices
do not need to have the polymer crosslinked to obtain stable
electrical properties. In contrast, most commercially avail-
able PCL devices have to undergo a manufacturing step
where the polymer is crosslinked. Radiation or chemical
processes may be used to crosslink the conventional poly-
mers. The crosslinking is claimed to give more stable and
reliable devices. The PCL devices in accordance with the
invention appear to be stable and reliable in all experiments
in part because the polymer used in the devices is a fluo-
ropolymer, which is composed mainly of carbon and fluo-
rine atoms, compared to the non-fluoropolymers in conven-
tional PCL devices, which are composed mainly of carbon
and hydrogen atoms. Fluoropolymers are known to have
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significantly better chemical, oxidizer, and solvent resis-
tance, better weatherability, and lower coefficient of water
absorption than non-fluoropolymers. The fluoropolymer also
has higher melt viscosity than the polymers used in other
PCL devices, which may make it more stable during the
melting process which occurs every time a device trips. The
molecular weight of the polymer molecules may also be
higher, making the polymer more stable.

[0013] In accordance with the invention, the PCL devices
have higher trip and hold currents for a given device
geometry and composite resistivity, than any other current
limiting devices. This is a direct consequence of their having
a higher melting point polymer since it takes more energy to
get them to trip. This is commercially important because it
allows the use of smaller devices in place of larger devices
with no sacrifice in the magnitude of the trip and hold
currents. This is potentially very useful in reducing the size
of electronics. Raychem has been introducing progressively
smaller sized current limiting devices over the past few
years in particular for surface mount devices. When the
current limiting devices are used in a surface mount con-
figuration, their size takes up valuable real estate (the
“footprint”) on a circuit board. Raychem has so far attacked
this problem by decreasing the resistivity of their standard
polyethylene/carbon-black composite wherein decreasing
the composite resistivity has the effect of increasing the trip
and hold currents. However, there is little room for further
decreases in composite resistivity using carbon black and
polymers. The composite resistivity of the prototype PCL
device in accordance with the invention is about 4 Ohm-cm
while the Raychem devices have resistivities as low as 0.4
Ohm-cm. In principle, the resistivity of the PCL devices in
accordance with the invention could be decreased to similar
levels, which could give smaller devices with the same trip
and hold currents as larger Raychem devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIGS. 1A and 1B are diagrams illustrating the
PCL device in accordance with the invention;

[0015] FIG. 2 illustrates a method for manufacturing a
PCL device in accordance with the invention;

[0016] FIG. 3 illustrates the resistance versus temperature
behavior of one representative PCL device in accordance
with the invention;

[0017] FIG. 4 illustrates the current versus voltage behav-
ior of one representative PCL device in accordance with the
invention;

[0018] FIG. 5 illustrates the current versus voltage behav-
ior as a function of temperature of one representative PCL
device in accordance with the invention;

[0019] FIG. 6 illustrates the hold current as a function of
ambient temperature of one representative PCL device in
accordance with the invention;

[0020] FIG. 7 illustrates the current versus voltage behav-
ior of one representative PCL device in accordance with the
invention at an ambient temperature of 280 degrees C.;

[0021] FIG. 8 illustrates a circuit used for testing the PCL
device in accordance with the invention;

[0022] FIG. 9 illustrates the average hold and trip current
derating versus ambient temperature behavior of an
ensemble of 16 PCL devices in accordance with the inven-
tion; and
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[0023] FIG. 10 illustrates a time to trip versus fault current
behavior of the PCL device in accordance with the invention
at an ambient temperature of 20 degrees C.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

[0024] The invention is particularly applicable to a per-
fluoroalkoxy (PFA) polymer current limiting device and it is
in this context that the invention will be described. It will be
appreciated, however, that the device and method in accor-
dance with the invention has greater utility.

[0025] FIGS. 1A and 1B are diagrams illustrating a
polymer current limiting (PCL) device 30 in accordance
with the invention. The device 30 may comprise a composite
mixture 32 that is sandwiched by a first and second electrode
34, 36. In a preferred embodiment, the composite mixture
may have a predetermined mixture of carbon black and a
PFA fluoropolymer. The PFA fluoropolymer helps the device
operate at higher temperatures and have a lower thermal
derating than conventional devices as described below. In a
preferred embodiment, the electrodes may be a thin metal
foil. To make an electrical connection to the device, there
may be a first and second wire 38, 40 attached to the thin
metal coatings by solder. In a preferred embodiment, the
solder used to attach the wires to the metal foil may be pure
lead (Pb) which permits the device to operate at higher
temperatures as described below in more detail. FIG. 1B
shows the dimensions of an example of the device in
accordance with the invention.

[0026] In addition to the embodiment in which the elec-
trodes are attached to the PCL as described above, the
composite mixture may be formed as described above. Then,
the composite mixture is formed into a predetermined shape.
Then, it may be inserted directly into a pair of contacts and
perform the functions of a PCL as described below. For
example, the formed composite mixture may be inserted into
a pair of spring loaded contacts that make electrical contact
with each side of the formed composite mixture. Further-
more, a metal foil may be attached to one or both sides of
the formed composite material and then the formed com-
posite material with the foil may be inserted into a pair of
contacts. The metal foil will act as a contact to the formed
composite material.

[0027] In operation, the device operates in a similar man-
ner to conventional current limiting devices. In particular,
during normal operation, current flows through the compos-
ite mixture with minimal resistance. As the current passing
through the device increases to some overcurrent level, the
heat generated by the current melts the composite material.
When the composite material melts, the resistance of the
composite material and hence the device increases so that
the resistance increases and effectively limits the current
passing through the device. After the current through the
device reduces to an acceptable level, the composite material
re-solidifies and the resistance of the device returns to a
lower level. Thus, the PCL device is resettable as with
conventional current limiters. Now, a preferred method for
manufacturing the PCL device in accordance with the inven-
tion will be described.

[0028] FIG. 2 illustrates a method 50 for manufacturing a
PCL device in accordance with the invention. In particular,
one or more raw materials may be used that may include
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metal foil, carbon black, perfluoroalkoxy (PFA) polymer and
attachment wire. In accordance with a preferred embodi-
ment of the invention, the carbon black may be Raven 420
carbon black from Columbian Chemicals, the polymer may
be teflon PFA 340 obtained from Du Pont Company and the
electrodes may be special nodularized foil sheets (product
ND21P) obtained from Gould Electronics Inc. having elec-
tro-deposited copper foil with copper nodularization and
nickel over plates. The attachment wires may preferably be
18 gauge bus wire (solder coated copper wire) obtained from
a surplus electronics store, the lead solder may preferably be
solid lead ingots obtained from Alan Steel and the flux may
preferably be Kester 1588 rosin soldering flux obtained from
Kester Solder.

[0029] In step 52, the composite mixture is made by
melting and mixing the carbon black and the PFA together.
In a preferred embodiment, the mixture uses the Raven 420
carbon black and the Du Pont Teflon PFA 340 polymer. In
one actual experiment, the compounding was done to form
a composite using a 33 mm twin-screw extruder, with a
carbon black loading of 35 weight %. The percentage of
carbon black may vary between 25 and 50 weight % and
may optimally be about 40 weight %. The carbon black may
also be supplemented with or replaced by powdered metal
particles, such a nickel particles.

[0030] The composite is in the form of pellets. In steps 54
and 56, the composite is melted and pressed into plates and
foil electrodes are attached to the sheet. In particular, the
platens of a laboratory press are preheated to 343° C. and the
composite pellets are put into a sheet mold and put into the
press. The pellets are put under slight (“kiss”) pressure to
allow good thermal contact. Then, one waits about 10
minutes for the mold and the composite to heat up. Once
everything is heated up, 40,000 lbs. pressure to 9" by 9"
platens are applied. Next, one waits for 10 minutes for the
composite to flow into sheet form under high pressure and
high temperature. At end of 10 minutes, the heat is turned off
and the mold and composite cool down still under high
pressure to form the composite material with foil electrodes
attached.

[0031] In step 58, the sheet is cut into individual devices
wherein a pair of tin snips may be used to cut the sheet into
1 cm by 1 cm squares. Then, the individual devices may be
re-flattened using a room temperature press at 1000 Ibs. for
a few minutes. At this point, the devices are 0.053 cm thick.
In step 60, the attachment wires are attached to each side of
the device. In particular, pure lead (Pb) solder is heated to
350° C. in a solder pot. Then, attachment wires are made
from 18 gauge solder coated copper wire. Next, the device
chips are placed between ends of the attachment wires and
dipped in Kester 1855 soldering flux for 5 seconds. The
device is then held over the surface of molten lead (Pb) pot
for 30 seconds to allow the flux to activate. The device is
then dipped fully into the molten lead (Pb) for 5 seconds and
pulled out to let it cool down. Once the devices have cooled
down, the attachment wires may be clipped and bent to the
desired shape. The advantages of the polymer current lim-
iting device in accordance with the invention are described
above. Now, the various characteristics of the PCL device in
accordance with the invention will be described in more
detail.

[0032] FIG. 3 illustrates the resistance versus temperature
behavior of the PCL device in accordance with the inven-
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tion. In particular, the measured resistance versus tempera-
ture behavior for three temperature cycles for a PCL device
in accordance with the invention made as described above.
Note that the device resistance at 20° C. drops 38% between
the first and second cycles, then drops only 3.7% between
the second and third cycle. This suggests that the devices
have stability during further temperature cycling. The resis-
tance of the device at 20° C. at the start of the third cycle is
0.26 ohm. Using the preferred device dimensions given
above, the composite resistivity at this point is 5 Ohm-cm.
Now, the current versus voltage behavior of the PCL device
will be described.

[0033] FIG. 4 illustrates the current versus voltage behav-
ior of the PCL device in accordance with the invention. To
test this behavior, a fixed voltage is applied across the device
and the device is allowed to reach equilibrium. Then, the
steady state current passing through the device is measured.
The figure shows the measured current versus voltage
behavior for the same device at 20° C. Note that, as the
voltage is increased, the current initially increases in direct
proportion to the applied voltage so that the device acts like
a resistor. However, once a certain critical current is reached,
the current stops increasing and starts decreasing as applied
voltage is still increased as shown. For the particular device
tested, the maximum current the device will allow to pass
under equilibrium conditions is 4.3 amps. This is defined as
the “hold current” of this device. This figure illustrates the
basic behavior that makes these devices work as current
limiters in electric circuits. In particular, placing this device
in series with a circuit load will protect the load from fault
currents in excess of 4.3 amps that could potentially cause
damage. Now, the current versus voltage behavior of the
PCL device as a function of temperature will be described.

[0034] FIG. 5 illustrates the current versus voltage behav-
ior as a function of ambient temperature of the PCL device
in accordance with the invention. This test may be done by
repeating the test described above in a controlled tempera-
ture chamber at different temperatures. The figure shows
representative data for the same device at four different
ambient temperatures. From this figure, it is evident that the
“hold current” of the device decreases as the ambient
temperature increases. This behavior is known as “thermal
derating” and is important in the application of these
devices. For example, consider a device designed in the
laboratory to limit the current in a circuit at room tempera-
ture to a maximum of 5 amps. When this same device and
circuit are placed near the engine of a car, where ambient
temperatures can be significantly higher than room tempera-
ture, the device will limit the current in the circuit to a value
significantly less than 5 amps which may cause the circuit to
malfunction. A plot of the decrease of hold current as a
function of ambient temperature is known as the “thermal
derating curve.” The thermal derating curve for the device
measured in FIG. 5 is shown in FIG. 6. Note that the device
functions as a current limiter between —-60° C. and 280° C.
The current versus voltage behavior of the device at 280° C.
is shown in FIG. 7. In particular, the hold current of this
device has decreased from 4.3 amps at 20° C. to 32 milli-
amps at 280° C., but the device will still act to limit currents.

[0035] As a quantitative example, most Raychem current
limiting devices (those with an operating temperature range
of —40° C. to 85° C.) have a thermal derating of -1%/° C.,
meaning that the trip current decreases by an average of 1%
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for every 1° C. increase in the ambient temperature. The
PCL devices in accordance with the invention have an
experimentally measured thermal derating of -0.4%/° C.
over the same operating temperature range meaning that the
trip current decreases by an average of 0.4% for every 1° C.
increase in the ambient temperature. This is commercially
useful because it makes the PCL devices more tolerant to
changes in ambient temperature and fluctuations in the
thermal environment. In accordance with the invention, the
PCL devices may have a thermal derating of less than —-1%/°
C., preferably a thermal derating of less than —0.5%/° C. and
most preferably a thermal derating of about -0.4%/° C.
Now, the overload characteristics for the PCL device in
accordance with the invention will be described.

[0036] FIG. 8 illustrates a circuit used for testing the
overload state of the PCL device in accordance with the
invention. This test is specified in the Underwriter Labora-
tories UL 1434 Standard for Safety for Thermistor-Type
Devices, First Edition, Apr. 3, 1998. To conduct the test, the
circuit in FIG. 8 is constructed where V, is an ac voltage
source, R, is the circuit resistance, DUT is the PCL device
under test and the switch at the top of the circuit is a
remotely controlled relay. First, the DUT is replaced by an
open circuit, the relay is closed and the voltage source V, is
adjusted such that the voltage across the open circuit is 16
Volts rms at 60 Hz. Next, the DUT is replaced by a short
circuit, the relay is closed and the circuit resistance R, is
adjusted such that the current through the short circuit is 125
Amps rms at 60 Hz. Next, the DUT is replaced by a polymer
current limiter (PCL) device in accordance with the inven-
tion. Next, the relay is closed for ten seconds and then
opened for 50 seconds. This step is repeated for 50 cycles.

[0037] The sample PCL device in accordance with the
invention was then tested. Before the overload test, the
device resistance was 0.276 ohms. After the overload test,
the device resistance was 0.533 ohms. Thus, the device
appears to pass the overload test. Now, the characteristics of
the PCL device in accordance with the invention under the
endurance test are described.

[0038] The endurance test is specified in the Underwriter
Laboratories UL 1434 Standard for Safety for Thermistor-
Type Devices, First Edition, Apr. 3, 1998. To conduct the
test, the same circuit for the overload test is used. First, the
DUT is replaced by an open circuit, the relay is closed and
the voltage source Vs is adjusted such that the voltage across
the open circuit is 16 Volts rms at 60 Hz. Next, the DUT is
replaced by a short circuit, the relay is closed and the circuit
resistance R, is adjusted such that the current through the
short circuit is 3 times the device trip current at 60 Hz. Now,
the DUT is replaced by the polymer current limiter (PCL)
device to be tested. To test the device, the relay is closed for
10 seconds and then opened for 50 seconds. The above step
is repeated for a total of 6000 cycles.

[0039] When a sample of the PCL device is tested, it has
a trip current of about 4.3 Amps dc. The circuit resistance R
was increased such that 14 Amps rms at 60 Hz flowed in the
circuit when the DUT was replaced by a short circuit and the
relay was closed. The device failed somewhere between
4540 and 5140 cycles. The failure may have been caused by
improper laboratory test conditions.

[0040] FIGS. 9 and 10 illustrate the hold and trip current
derating versus ambient temperature behavior of the PCL
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device in accordance with the invention and the time to trip
versus fault current behavior of the PCL device in accor-
dance with the invention at 20 degrees C.

[0041] While the foregoing has been with reference to a
particular embodiment of the invention, it will be appreci-
ated by those skilled in the art that changes in this embodi-
ment may be made without departing from the principles
and spirit of the invention.

1. A current limiting device operable having a wide
operating temperature range, the device comprising:

a predetermined mixture of carbon black and a fluo-
ropolymer pressed between a first electrode and a
second electrode;

an electrical connection formed by fixing attachment
wires to the first and second electrodes; and

wherein the fluoropolymer melts at a predetermined high
temperature so that the current limiting device operates
within a wide temperature range.

2. The current limiting device of claim 1, wherein the
polymer is a non-flammable, self-extinguishing fluoropoly-
mer.

3. The current limiting device of claim 2, wherein the
fluoropolymer is a perfluoroalkoxypolymer.

4. The current limiting device of claim 1, wherein the first
and second electrodes are composed of thin metal foil.

5. The current limiting device of claim 1 further compris-
ing solder used to fix the first and second electrodes to the
attachment wires, the solder being able to withstand ambient
temperatures above 300 degrees Celsius.

6. The current limiting device of claim 5, wherein the
solder is pure lead.

7. The current limiting device of claim 1 further compris-
ing a thermal derating of less than —1%/degree Celsius.

8. The current limiting device of claim 7, wherein the
thermal derating is less than —0.5%/degree Celsius.

9. The current limiting device of claim &8, wherein the
thermal derating is about —0.4%/degree Celsius.

10. The current limiting device of claim 1, further com-
prising a composite resistivity of at most 5 Ohm-cm.

11. The device of claim 1, wherein the operating tem-
perature range is from at least —60 degrees Celsius to 280
degrees Celsius.

12. A method for manufacturing a current limiting device
operable at a temperature range of at least —-60 degrees
Celsius to 280 degrees Celsius, the method comprising:

providing a predetermined amount of carbon black;

melting said predetermined amount of carbon black with
a predetermined amount of fluoropolymer;

pressing the resulting mixture to form a sheet of current
limiting material;

attaching electrodes to the sheet; and

fixing conductive attachment wires to each side of the
device, the fixing further comprising dipping the device
into a soldering flux for a predetermined number of
minutes and dipping the device into pure lead solder for
a predetermined time to form a wide temperature range
current limiting device.

13. The method of claim 12, wherein the polymer is a

non-flammable, self-extinguishing fluoropolymer.

Jun. 13, 2002

14. The method of claim 13, wherein the fluoropolyrner is
a perfluoroalkoxy polymer.

15. The method of claim 12, wherein the electrodes are
composed of thin metal foil.

16. The method of claim 12 further comprising a thermal
derating of less than -1%/degree Celsius.

17. The method of claim 16, wherein the thermal derating
is less than —0.5%/degree Celsius.

18. The method of claim 17, wherein the device has a
thermal derating of about —0.4%/degree Celsius.

19. The method of claim 12, wherein the device has a
composite resistivity of at most 5 Ohm-cm.

20. A current limiting device operable at a temperature
range of at least —60 degrees Celsius to 280 degrees Celsius
comprising:

a predetermined composite mixture of carbon black and a
fluoropolymer;

first and second electrodes between which the composite
mixture is pressed; and

an electrical connection connected to the first and second
electrodes, the electrical connection being made using
pure lead solder such that the solder has a high melting
temperature resulting in a current limiting having a
wide temperature range.
21. A current limiting device operable at a temperature
range of at least —60 degrees Celsius to 280 degrees Celsius,
the device comprising:

a predetermined composite mixture of carbon black and a
non-flammable, self-extinguishing fluoropolymer;

first and second electrodes having the composite mixture
pressed therebetween; and

an electrical connection connected to the first and second
electrodes, the electrical connection being made using
pure lead solder such that the solder has a high melting
temperature resulting in a current limiting device hav-
ing a wide temperature range.
22. A current limiting device operable at a temperature
range of at least —60 degrees Celsius to 280 degrees Celsius,
the device comprising:

a predetermined composite mixture of carbon black and a
polymer pressed between a first electrode and second
electrode; and

an electrical connection formed by fixing a first attach-
ment wire to the first electrode and a second attachment
wire to the second electrode using pure lead solder, and

wherein the device has a thermal derating of at least -0.4
percent/degrees Celsius.
23. A current limiting device comprising;

a predetermined composite mixture of carbon black and a
polymer pressed between a first electrode and second
electrode;

an electrical connection formed by fixing a first attach-
ment wire to the first electrode and a second attachment
wire to the second electrode using solder; and

wherein the device is operable at a temperature range of
at least —60 degrees Celsius to 280 degrees Celsius and
have a thermal derating of about —0.4 percent/degrees
Celsius.
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24. The current limiting device of claim 23 wherein the
polymer is a non-flammable, self-extinguishing fluoropoly-
mer.

25. The current limiting device of claim 24, wherein the
fluoropolymer is a perfluoroalkoxy polymer.

26. The current limiting device of claim 23, wherein the
electrodes are composed of thin metal foil.

27. The current limiting device of claim 23, wherein the
solder used to join the electrodes to the attachment wires can
withstand ambient temperatures above 300 degrees Celsius.

28. The current limiting device of claim 27, wherein the
solder is pure lead.

29. The current limiting device of claim 23 further com-
prising a composite resistivity of at most 5 Ohm-cm.

30. A current limiting device comprising:

a predetermined amount of carbon black;

a predetermined amount of perfluoroalkoxy polymer
mixed with the carbon black;

first and second electrodes in between which the mixture
of carbon black and polymer is pressed;

first and second attachment wires connected to the first
and second electrodes using pure lead solder so that the
current limited device has a wide temperature operating
range.
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31. A current limiting device operable having a wide
operating temperature range, the device comprising:

a predetermined mixture of carbon black and a fluo-
ropolymer pressed into a predetermined form;

wherein an electrical connection to the predetermined
form is formed when contacts are pressed against each
side of the predetermined form when the predetermined
form is inserted into an electrical circuit; and

wherein the fluoropolymer melts at a predetermined high
temperature so that the current limiting device operates
within a wide temperature range.

32. The current limiting device of claim 31, wherein the
polymer is a non-flammable, self-extinguishing fluoropoly-
mer.

33. The current limiting device of claim 32, wherein the
fluoropolymer is a perfluoroalkoxy polymer.

34. The current limiting device of claim 31 further com-
prising a thermal derating of less than —1%/degree Celsius.

35. The current limiting device of claim 34, wherein the
thermal derating is less than —0.5%/degree Celsius.

36. The current limiting device of claim 35, further
comprising a thermal derating of about -0.4%/degree Cel-
sius.



